of the substrate-binding site across the lipid bilayers. The energy of the ionic gradients, mainly sodium, fuels the cycle. Here, we used a cross-linking approach to trap a glutamate transporter homolog from Pyrococcus horikoshii in key conformational states with the substrate-binding site facing either the extracellular or the intracellular side of the membrane to study binding thermodynamics. We show that the chemical potential of sodium ions in solution is exclusively coupled to substrate binding and release, not to substrate translocation. Despite the transporter's structural symmetry, the binding mechanisms are distinct on the opposite sides of the membrane and more complex than the current models suggest. npg
a r t i c l e s Ion-coupled active transporters move their substrates against concentration gradients by using the energy of ionic gradients. To achieve this, the coupled ions drive cycles of conformational changes, which entail the transporter binding its substrate on one side of the membrane, translocating and releasing it on the other side and finally returning to the initial conformation ( Fig. 1a) . Despite the wealth of the functional and structural data supporting this view, the role of ions in this process remains incompletely understood, and several mechanisms of coupling have been proposed 1 . Some of them suggest that the ions control the substrate-binding affinity on the opposite sides of the membrane, whereas others focus on their role in modulating the kinetics of the translocation steps 1, 2 .
The paucity of the confirmed coupling mechanisms is largely due to the experimental challenges of dissecting the role of ions in substrate binding and in translocation reactions. To circumvent these difficulties and to probe the role of ions in the isolated steps of a transport cycle, we have developed a new experimental approach, using a prokaryotic homolog of the glutamate transporter family, Glt Ph , as a model system. Glt Ph originates from a hyperthermophilic archaeon, P. horikoshii, and symports aspartate and sodium with a 1:3 substrate/ion stoichiometry 3, 4 . It is the only member of the family with known high-resolution structures [5] [6] [7] [8] . The crystallographic studies have shown that the translocation of the substrate-binding site across the membrane involves a 15-to 18-Å transmembrane movement of a peripheral transport domain relative to a central trimerization domain (Fig. 1b) [5] [6] [7] [8] . The latter mediates the intersubunit contacts within the trimeric Glt Ph , whereas the former coordinates Na + ions and substrate l-aspartate. The aspartate-and two Na + -binding sites have been identified crystallographically; the location of the third Na + site is still debated 6, [9] [10] [11] [12] [13] [14] [15] . The first Na + site (Na1) is located deep in the core of the transport domain, whereas the second (Na2) is on the surface and is formed in part by the helical hairpin 2 (HP2; Fig. 1b) . Notably, bound aspartate does not contribute directly to either of the sites. The structures of the unbound transporter, and hence the mechanisms by which the substrate and ions are released, remain unknown. However, a clue is provided by a structure of Glt Ph in the outward-facing state in complex with a competitive blocker, l-threo-β-benzyloxyaspartate (l-TBOA) 6 , in which the blocker is bound in the substrate-binding pocket with its benzyl group propping HP2 in an open conformation and disrupting the Na2 binding site, which suggests that HP2 serves as the extracellular gate of the transporter 6, [16] [17] [18] .
To dissect the mechanism of the energetic coupling between binding of Na + ions and aspartate to the isolated outward and inward-facing states of Glt Ph , we introduced pairs of cysteine mutations, one in the transport domain and the other in the trimerization domain, which upon crosslinking trapped the transporter in either of these states and disallowed the translocation steps ( Fig. 1b) . Using this approach, we show that, in both the outward-and inward-facing states, binding of aspartate is coupled to binding of all three cotransported Na + ions and that binding of the ligands is highly cooperative. Hence, essentially all available chemical potential of Na + ions is coupled to substrate binding on the opposite sides of the membrane, whereas other conformational changes, including the transmembrane movements of the transport domains, occur independently of the ions. Furthermore, on the basis of experimentally determined heat-capacity changes upon binding, we conclude that despite similar structure of the substrate-and ion-binding sites in the outward-and inward-facing states, the molecular events underlying binding, particularly of the first two Na + ions, are distinct in these states and are more complex than available crystal structures would suggest. a r t i c l e s
RESULTS

Trapping Glt Ph in the outward-and inward-facing states
To characterize the binding properties of the main conformational states of Glt Ph , we 'stapled' together the transport and trimerization domains in either the outward-or inward-facing states by using Hg 2+mediated cross-linking of double-cysteine mutants. Previous studies showed that in Hg 2+ -cross-linked Glt Ph K55C A364C (Glt Ph in ), the transport domain is trapped in the inward-facing position 7 . By analogy, we engineered a double-cysteine mutant, Glt Ph L66C S300C, on the basis of the outward-facing structure of the wild-type Glt Ph (ref. 6). Following cross-linking, we confirmed the outward orientation of the transport domain by crystallography (Glt Ph out ; Fig. 1b , Table 1 and Supplementary Fig. 1 ). Like Glt Ph in , Glt Ph out shows peaks in the anomalous difference Fourier maps adjacent to the sulfur atoms of the cysteine residues ( Supplementary Fig. 1b ), which reveal Hg 2+ ions in the expected positions and distant from the substrate-and ion-binding sites ( Fig. 1b) . Structures of Glt Ph out and Glt Ph in (ref. 5 and this study) were similar to those obtained in the absence of crosslinks 6, 8 (with r.m.s. deviations of ~0.9 Å). Isothermal titration calorimetry (ITC) experiments showed that Hg 2+ binds the Glt Ph L66C S300C and Glt Ph K55C A364C protomers with 1:1 stoichiometry and nanomolar affinity in both the substrate-bound and free states ( Fig. 1c and Supplementary Table 1 ). These results confirm that Hg 2+ crosslinking traps the mutant transporters in the outward-and inwardfacing states, respectively, regardless of whether they are bound to the substrate or not.
Ions drive substrate binding to the isolated states
Using ITC, we showed that aspartate binds with 1:1 stoichiometry and similar affinities to Glt Ph out , Glt Ph in and the unconstrained wildtype transporter in the presence of 10 mM Na + (Fig. 2a) . The dissociation constants (K d s) were 240 ± 50, 290 ± 30 and 480 ± 10 nM (mean ± s.e.m.), respectively. Hence, the transporter has similar intrinsic affinities for its substrate on the opposite sides of the membrane at 25 °C. Similar results have been obtained in other families of ion-coupled transporters 2 .
Binding of aspartate to wild-type Glt Ph has been shown to be coupled to binding of Na + ions 6 . We asked whether this coupling is a property intrinsic to the outward-and inward-facing states or whether it requires unrestrained movements of the transport domain. To explore a wide range of binding constants, we optimized a fluorescence-based assay developed in a previous study 19, 20 . A voltagesensitive amphipathic dye, RH421, is incorporated into the proteindetergent particles, and it reports the binding of ligands that alter the local electric field 21 . Coupled Na + and aspartate binding was measured by detecting the decrease in the emission intensity of the probe ( Fig. 2b and Supplementary Fig. 2a ). The K d s, obtained by (Fig. 2c) .
The aspartate K d s of all transporter variants were strongly Na + dependent, and the logarithmic plots of the affinities as a function of Na + activity yielded straight lines with slopes of 2.6, 2.6 and 2.9 for Glt Ph out , Glt Ph in and wild type, respectively. These slopes represent the apparent numbers of Na + ions coupled to binding of each substrate molecule. Hence, aspartate binding is thermodynamically linked to binding of all three transported Na + ions in wild-type Glt Ph . Moreover, in the constrained mutants the coupling efficiencies are similar, which shows that transportdomain movements are not necessary. We conclude that on both sides of the membrane essentially all chemical potential of Na + ions is transformed into substrate-binding energy. These results contrast with the coupling mechanisms proposed for other families of secondary active transporters, in which the coupled ions do not change the affinity for the substrate 2 or the substrate can bind in the absence of coupled ions 22 . Functional studies on the mammalian glutamate transporters have shown that, as with Glt Ph , three Na + ions are cotransported with each substrate molecule [23] [24] [25] . Because of the high degree of conservation of residues involved in the coordination of Na + and substrate between Glt Ph and the mammalian homologs, it is likely that the efficient coupling between substrate and ions is also conserved. However, glutamate K m decreases approximately linearly with the increase of Na + concentration 12, 26 , which corresponds to a slope of ~1 on the logarithmic plot. The relative insensitivity of the glutamate K m values to Na + concentrations probably reflects the significant contributions from other steps in the cycle following binding, in particular the dissociation of the substrate on the opposite side of the membrane.
Inhibitor captures early events of the binding reaction
In parallel, we examined binding of the inhibitors l-threo-β-benzylaspartate (TBA) 27 and dl-threo-β-benzyloxyaspartate (dl-TBOA) 28 . In these experiments, we focused on TBA rather than on the commonly used and structurally similar dl-TBOA because the latter is a mixture of stereoisomers that bind the transporters with different affinities 29 and complicate the analysis. TBA inhibits aspartate transport by Glt Ph (Supplementary Fig. 2b ) and binds the constrained variants and wild-type Glt Ph with similar affinities (Fig. 2c) . The Na + dependence of TBA-binding affinity was also similar for Glt Ph out , Glt Ph in and wild type and was weaker than that for aspartate, with slopes of 1.9, 2.2 and 1.6, respectively ( Fig. 2c) .
To confirm that TBA binds the same site as aspartate, we first saturated the transporters with TBA and then titrated them with aspartate by using ITC. As expected for the competitive binding, the free energies and enthalpies of aspartate binding to TBA-loaded transporters agreed with the values calculated for TBA replacement by aspartate when using the individually measured binding parameters ( Supplementary  Fig. 3 and Supplementary Table 1 ). We conclude that TBA binds both the outward-and inward-facing states in the substrate-binding pockets, disrupting one of the Na + -binding sites. These results are in agreement with previous studies showing that l-TBOA binds the outward-facing Glt Ph , with its backbone in the substrate-binding site and the benzyl group preventing HP2 from occluding the site and forming the Na2 site 6 . On the basis of these results, we hypothesize that the TBA-bound states can be viewed as intermediates of the binding reactions, in which two Na + ions and aspartate are already bound but not yet occluded. If so, TBA offers a tool to gain insights into the energetics of two processes: the initial binding of the substrate coupled to two Na + ions and its occlusion coupled to the third Na + ion. The latter process is represented by the TBA replacement with aspartate.
Na + binding and allosteric coupling
Using the fluorescence-based assay, we also examined Na + binding to Glt Ph variants in the absence of aspartate and TBA. Na + binds weakly (1), with the parameters shown next to the graphs. The y axis on the right shows corresponding free energies of binding. ∆G° values are shown in kcal/mol. npg a r t i c l e s to the wild-type and constrained transporters with K d s above 50 mM, which corresponds to a free energy of binding of approximately −1 kcal mol −1 (Fig. 3) . In the case of Glt Ph in , we were unable to reach saturation, owing to nonspecific effects of Na + concentrations above 500 mM on the fluorescent probe. In this case, the estimation of the Na + K d was not significantly affected, but an accurate determination of the Hill coefficient was not possible. In contrast, both Glt Ph out and wild-type transporters yielded reproducible Hill coefficients of 1.6, which suggests that the transporters bind at least two Na + ions in the absence of other ligands. Because the architecture of Na + -binding sites is similar in the inward-and outward-facing states, we tentatively conclude that two Na + ions bind in both states. Additions of aspartate and TBA shift the Na + -binding isotherms to lower concentrations in all cases, as expected for cooperative binding ( Fig. 3 and  Supplementary Fig. 4) . The ability of the transporter to bind Na + in the absence of substrate may account for a previously reported weaker coupling between binding of aspartate and Na + ions to the wild-type Glt Ph (ref. 6) . In this earlier study, measurements of aspartate binding in the presence of Na + concentrations of up to 200 mM have been included; under these conditions, some of the Na + -binding sites are already occupied.
To evaluate the standard free energy, ∆G°, of the coupled binding of three Na + ions and aspartate or two Na + ions and TBA, we note that the observed free energy, ∆G app can be expressed as
where µ Na is the chemical potential of Na + ions, and α is the apparent number of Na + ions coupled to binding of the ligand (Supplementary Note). From the linear fits in Figure 2c , we obtained ∆G° of three Na + ions and aspartate or two Na + ions and TBA binding to Glt Ph of ~−16 and ~−10 kcal mol −1 , respectively, for both the outward-and inwardfacing states. Notably, only small fractions of these large, favorable free energies originate from binding of Na + ions, inhibitor or substrate alone, and the majority comes from coupling between the ligands. To the extent of our current knowledge, the substrate does not directly coordinate Na + ions, and the observed cooperativity must arise from allosteric interactions.
The thermodynamic mechanisms
The magnitude of the heat-capacity changes upon binding, ∆C p , is a unique experimental readout of the complexity of the underlying reaction, which can often be related to the extent of the protein conformational changes [30] [31] [32] [33] . Hence, we determined ∆C p associated with overall binding of three Na + ions and aspartate and key intermediate steps: binding of the first two Na + ions, binding of TBA, which mimics initial substrate binding, and TBA displacement by aspartate, which mimics substrate occlusion and binding of the third Na + ion.
(1)
To obtain ∆C p of the overall reaction, we determined the temperature dependence of the enthalpy (∆H) of aspartate binding in the presence of Na + concentrations below 50 mM. Under these conditions, there is little ion binding alone, and only the coupled binding of three Na + ions and aspartate is observed. The reaction ∆H decreased linearly with temperature, yielding very large negative ∆C p , which was constant within the tested temperature range (Fig. 4) . Unexpectedly, we found that ∆C p was markedly larger in the inward-facing (−600 cal mol −1 K −1 ) compared to the outward-facing (−300 cal mol −1 K −1 ) state. This is in a sharp contrast with the structures, which show nearly identical ion-and substrate-binding sites, and with the similar observed K d s at 25 °C. In reactions dominated by protein conformational changes, ∆C p scales linearly with the buried polar and apolar surface areas 31 . If so, the observed ∆C p s would require burial of ~2,000 and ~4,000 Å 2 of the protein surface in the outward-and inward-facing states, respectively 31 . The current models suggest that the release of the substrate from the outward-and inward-facing states is associated with the openings of the local gates: HP2 in the former and a structurally symmetric HP1 in the latter 6, 7, [16] [17] [18] 34 . However, we estimate that HP2 closure buries only ~200 Å 2 , expected to give a ∆C p of ~30 cal mol −1 K −1 . In fact, the experimental ∆C p s are so large that they cannot be explained by protein conformational changes alone. Previously, unexpectedly large ∆C p has been attributed to the entrapment of structured waters in the protein core during binding 35 , to heterogeneous apo state 36 and to protein rigidification 37 or folding coupled to binding 38 . Although we cannot distinguish between these possibilities, it is clear that binding involves more complex events in addition to the local conformational changes and that these events are more extensive in the inward-facing state.
Na + binds too weakly to be measured by ITC directly. Instead, we measured ∆H and ∆C p of aspartate binding to Glt Ph out and Glt Ph in in the presence of 1 M Na + (Fig. 4) . Under these conditions, all sites to which Na + ions bind in the absence of aspartate are occupied ( Fig. 3) . We observed that aspartate binds Na + -saturated transporter with 1:1 stoichiometry and K d in the nanomolar range or lower (Supplementary Fig. 5a ). To obtain ∆C p of Na + binding, we calculated the differences between ∆C p of aspartate binding in the presence and in the absence of 1 M Na + (Supplementary Note and  Supplementary Fig. 5b) . From this analysis, we found that binding of Na + ions alone is already associated with large negative ∆C p and that the differences in ∆C p of the coupled binding of three Na + ions and aspartate in the outward-and inward-facing states are almost entirely due to the differences in ion binding. The ∆H and ∆C p values of TBA displacement by aspartate were measured directly (Supplementary Fig. 3b) . The ∆C p of TBA binding to Na + -saturated transporter was then calculated as difference between the corresponding value for aspartate binding in 1 M Na + and TBA displacement (Supplementary Note and Supplementary Fig. 5b) . 6; 4.3, 1.4 (c) . The normalization points for the fits of the data in solid circles were obtained by adding 1 mM aspartate to the cuvette after the Na + titrations to ensure saturation of the Na + -binding sites. From these calculations, the ∆C p values of TBA binding to Na +saturated transporter were close to zero in the outward-and inwardfacing states (Fig. 5) . As expected, similar small ∆C p s were calculated for dl-TBOA (Supplementary Fig. 6) . These measurements suggest that binding of the substrate backbone, mimicked by the inhibitor, occurs with low ∆C p , as is typical for a small molecule binding to a preformed site 39 . The ∆C p values of aspartate replacement of TBA, which mimics substrate occlusion and binding of the last Na + , were also similar in the outward-and inward-facing states (Fig. 5) . Notably, TBA is not likely to bind similarly in the two states: in the outwardfacing transport domain, the benzyl group is expected to prop HP2 in an open state, a conformation that would be sterically prohibited when the domain is facing inward. Notably, the ∆C p s were again markedly larger than expected for HP2 closure, which suggests that during these steps of the binding reactions, events other than gate closures dominate the processes.
Extrapolations to physiological temperatures
Our experiments were conducted at 25 °C, below the physiological temperatures of ~100 °C at which Glt Ph normally operates. At 25 °C, Glt Ph has a very high affinity for aspartate, making it an inefficient enzyme. Because the affinity is strongly dependent on Na + concentration, the transporter is functional, albeit slow, when reconstituted into proteoliposomes with the internal Na + concentration near zero (refs. 3,6) .
In contrast, Glt Ph should be largely inactive when expressed in mesophilic cells: given the intracellular concentrations of Na + and aspartate on the order of 10 mM and 1 mM, respectively, only 0.05% of the inward-facing transporters would be substrate free, which would render them highly inefficient. Many enzymes from thermophilic organisms are either completely inactive or very slow at ambient temperatures 40 but when assayed at their physiological temperatures closely mimic their mesophilic counterparts 41 . To extrapolate the free energies of binding to 100 °C, we used the standard thermodynamic equation
where ∆G ref is the free-energy change measured at T ref = 25 °C (Supplementary Note). Such extrapolation is valid when ∆C p does not change significantly with temperature. It is possible that this assumption does not hold and, hence, that the obtained values reflect the general trend rather than precise estimates. Because the heat capacities are markedly different in the outward-and inwardfacing state, the aspartate affinities diverge at higher temperatures and are estimated to be 6.3 and 1,400 µM, respectively, at 100 mM Na + and 100 °C. The affinity for TBA in the outward-facing states is also about 50 times higher than in the inward-facing state (Fig. 6) .
The decreased affinities at elevated temperatures are mostly due to the progressively less favorable free energy of Na + binding. In fact, the extrapolations suggest that the transporter does not bind the ions without substrate at all, at least in the absence of the electric field. K m values of approximately an order of magnitude higher and inhibition constants of two orders of magnitude higher in the inward-facing state have also been measured for glutamate and dl-TBOA, ∆C p = -171 Figure 5 Thermodynamic scheme of the transport cycle and binding. Top and bottom show the thermodynamic schemes of Na + , aspartate and TBA binding reactions with corresponding thermodynamic parameters for the outward-and inward-facing states, respectively. The signs of the parameters correspond to the directions of the reactions indicated by the arrowheads. Broken lines represent isomerization reactions between the outward-and inward-facing states. ∆H°, ∆G° and ∆C p were either obtained experimentally or calculated as described ( Supplementary Fig. 6 ). The units are kcal mol −1 for ∆H° and ∆G° and cal mol −1 K −1 for ∆C p . npg a r t i c l e s respectively, in a mammalian homolog 26 . Lower intracellular affinity for the substrate in both the mammalian and archaeal transporters may reflect an evolutionarily conserved mechanism to optimize the efficiency of substrate transport into the cytoplasm.
DISCUSSION
Here, we have shown that binding of aspartate to Glt Ph is strictly coupled to binding of all three cotransported Na + ions and that all Na + ions are bound before transmembrane movement of the transport domain takes place. Hence, Na + ions facilitate transport by driving substrate binding and unbinding on the opposite sides of the membrane and not by, for example, binding a translocation intermediate. Furthermore, although aspartate does not bind the transporter with a measurable affinity in the absence of Na + , two Na + ions do bind alone, albeit weakly. Similarly, the mammalian glutamate transporters bind one or two Na + ions weakly in a step that precedes binding of the substrate and the last Na + ion 42 . Hence, we suggest that binding of the first two Na + ions is a prerequisite for the consequent binding steps. The high cooperativity of aspartate and Na + binding, which is allosteric in nature, suggests that binding of the first two Na + ions is associated with remodeling of the transporter core to form a competent substrate-binding site, which imposes a large energetic penalty on ion binding. Consistently, these early steps in the substrate-binding reactions are associated with very large decreases of the protein heat capacity, which cannot be explained solely by the local conformational changes such as openings or closures of the gates. Instead, large ∆C p values suggest that the conformational changes are more extensive and/or are accompanied by rigidification of the protein or the involvement of water molecules. Consequent binding of the substrate backbone occurs with few additional conformational changes, whereas occlusion of the binding pocket and binding of the third Na + ion is again associated with large ∆C p s, which is indicative of complex processes. It is notable that the reaction steps associated with Na + binding, and not with complexation of the substrate backbone, produce unexpectedly large heat-capacity changes. To the best of our knowledge, ∆C p s associated with ion binding to transport proteins have not been previously reported. However, large ∆C p s have been observed in studies of Na + binding to serine proteases and attributed to rigidification of a flexible autolysis loop 37 . By analogy, we suggest that the large ∆C p associated with Na + binding to Glt Ph is due to diminished protein flexibility and that the apo inward-facing state is more dynamic compared to the outward facing state. We conclude that Na + ions do not bind preformed sites but instead trigger conformational changes within the protein and may also have global effects on the dynamic properties of the transporter.
In conclusion, the ability to isolate and study key conformational states of a transporter offers a means to deconstruct the complex transport cycle into simple reactions amenable to quantitative analysis. Using this approach, we show that the outward-and inwardfacing states of Glt Ph are similar in their ability to couple binding of all three Na + ions to binding of the substrate. However, the molecular events underlying these coupled reactions are distinct and are more complex than expected for a simple ligand-binding process accompanied by local conformational changes. Although further crystallographic studies of the apo states of Glt Ph will resolve the structural rearrangements associated with ion-coupled substrate binding, the complementary thermodynamic data highlight the importance of the ensemble properties of these dynamic molecules.
METHODS
Methods and any associated references are available in the online version of the paper. Figure 6 Temperature dependence of the binding energies. Shown are the temperature extrapolations of the binding free energies (left) and dissociation constants (right) for the outward-(blue) and inward-(red) facing states, generated using equation (2) . Also shown are the extrapolations for binding of three Na + ions and aspartate (solid lines), for two Na + ions and TBA (dotted lines) and for Na + (dashed and dotted lines). The K d s for binding of aspartate and TBA were calculated at 100 mM Na + . npg
